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Abstract
Spiral acquisitions are preferred in real-time MRI because of their time efficiency. A fun-
damental limitation of spirals is image blurring due to off-resonance, which degrades image
quality significantly at air-tissue boundaries. Here, we demonstrate a simple CNN-based
deblurring method for spiral real-time MRI of human speech production. We show the CNN-
based deblurring is capable of restoring blurred vocal tract tissue boundaries, without a need
for exam-specific field maps. Deblurring performance is superior to a current auto-calibrated
method, and slightly inferior to ideal reconstruction with perfect knowledge of the field maps.
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1. Introduction
Spiral acquisitions are widely used in real-time magnetic resonance imaging (RT-MRI) due to
their time efficiency (Meyer et al., 1992), which has made it possible to capture vocal tract
dynamics during natural speech (Lingala et al., 2016a). A fundamental limitation of spirals
is image blurring due to off-resonance (Block and Frahm, 2005). This blurring is spatially
varying and degrades image quality most significantly at air-tissue boundaries (Schenck, 1996),
which are the exact locations of interest in speech RT-MRI.
Several methods exist to resolve this artifact (Nayak et al., 2001; Sutton et al., 2010; Lim
et al., 2019a), but most of them 1) are computationally slow and 2) require explicit knowledge
of field maps at the cost of scan time efficiency. Convention methods with these limitations
hardly resolve the artifact for RT-MRI applications where low-latency processing and high
temporal resolution are crucial. Recently, convolutional neural network (CNN) approaches
have shown promise in solving this specific deblurring task (Zeng et al., 2019; Lim et al.,
2019b). Compared to conventional methods, CNN would learn from training samples to
recognize and undo the characteristic effects of off-resonance. Once trained, the feedforward
operation of CNN is fast and does not rely on measuring exam-specific field maps but can
generate a desired sharp image given a blurry image input in an end-to-end manner.
In this work, we utilize a simple CNN-based method to restore blurred vocal tract articula-
tor boundaries for spiral RT-MRI of speech production. We consider this application because
off-resonance appears as spatially (and temporally) abruptly varying blur at the articulators
of interest and is a fundamental limitation to address. We evaluate the proposed method
quantitatively using image quality metrics and qualitatively via visual inspection, and via
comparison with conventional deblurring methods.
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Figure 1: (A) Generation of training data. (B) 3-layer residual CNN architecture
2. Materials and Methods
Training data We used 2D spiral RT-MRI data acquired from 33 subjects (each consisting
of 400 frames with an image size of 84×84×2) on a 1.5 Tesla scanner using a vocal-tract imag-
ing protocol (Lingala et al., 2016b). Ground truth images and field maps were obtained after
applying a recently proposed off-resonance deblurring method (Lim et al., 2019a) (Figure 1A).
Distorted images were simulated from the ground truth images with augmented field maps
f ′(x, y, t) frame-by-frame using two spiral trajectories with short and long readout durations
(Tread) of 2.52 and 7.936 ms, respectively. We augmented the field maps by f
′ = αf + β to
simulate varying range of off-resonance and global offset. Note that the severity of image blur-
ring would be proportional to |Tread · f ′|. We split data into 23, 5, and 5 subjects for training,
validation, and test sets, respectively. We tested the impact of augmentation strategies on
performance in a variety of settings (not shown here).
Network architecture The network is composed of 3 convolutional layers (Figure 1B).
The first 2 layers apply 2D convolution, followed by ReLU operation. The last layer applies
2D convolution with 1×1 spatial support only. We add a skip connection. Both the input
and output of the network consist of two channels (real and imaginary). The number of filter
width was set to 64, 32, and 2. We choose the filter sizes of 9, 5, and 1, based on performance
in terms of image quality metrics using the validation set. The model is trained using the
training set with a combination of L1 loss and gradient difference loss (Mathieu et al., 2016).
3. Experiments and Results
Evaluation on synthetic test data We applied multi-frequency interpolation (MFI) (Man
et al., 1997), model-based iterative reconstruction (IR) (Sutton et al., 2003), and the proposed
CNN into synthetically generated test data. It should be noted that we assume a reference field
map to be known for both the MFI and IR methods although it is not available in practice.
All those methods deblurred images frame-by-frame. In Figure 2, blurring is observed around
the lips, tongue surface, and soft palate in the uncorrected image. After deblurring, MFI even
deteriorates the delineation of boundaries in those regions, whereas the IR method almost
perfectly resolves the blurring artifact, which is also shown in Figure 2B and on quantitative
quality measures. The proposed method successfully resolves the blurring artifact in those
regions, which is visually comparable to the result from IR. Both IR and the proposed methods
exhibit sharp boundaries between the tongue and air and around the soft palate, which is found
consistent over time (yellow arrows, Figure 2B).
Evaluation on experimental in vivo data We applied the trained network to real data
acquired using the short and long spiral acquisitions. Note that the long spiral acquisition
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Figure 2: Representative synthetic images from the long spiral acquisition. (A) Images before
and after deblurring with various methods. (B) Intensity vs time plot marked by the dotted
line in (A). Mean and standard deviation of PSNR, SSIM, HFEN are present below, averaged
over time and across readouts and subjects.
Figure 3: Representative experimental results using the short and long spiral acquisitions
for comparison methods. Note that the short spiral uncorrected image represents one of the
current standard practice (Lingala et al., 2016b).
enables 1.7-fold higher scan efficiency than the short one (a current standard practice), but
inherently experiences much severe blurring (see red arrows in Figure 3). We compared results
with an IR-based method (Lim et al., 2019a). This auto-calibrated method estimates dynamic
field maps from distorted images itself with no scan time penalty. As shown in Figure 3, the
proposed method provides improved delineation of the boundaries, which is consistent for
both the short and long spiral acquisitions, whereas the IR method does not reliably work
at the longer spiral acquisition (yellow arrows). This is a practical limitation of conventional
methods where performance is limited by the quality of field map estimates.
4. Conclusion
We demonstrate an efficient, field-map-free approach for deblurring of spiral speech RT-MRI.
The CNN-based deblurring is shown to be effective at resolving spatially varying blur at the
vocal tract articulator boundaries, even with the longer spiral acquisition. In the context of
speech RT-MRI, this can enable 1.7-fold improvement in scan efficiency. The proposed method
is also computationally fast (12.3 ± 2.2 ms per-frame), enabling low-latency processing for
RT-MRI applications.
3
Lim Narayanan Nayak
Acknowledgments
This work was supported by NIH Grant R01DC007124 and NSF Grant 1514544.
References
Kai Tobias Block and Jens Frahm. Spiral imaging: a critical appraisal. J Magn Reson Imag,
21:657668, 2005.
Yongwan Lim, Sajan Goud Lingala, Shrikanth Narayanan, and Krishna S. Nayak. Dynamic
off-resonance correction for spiral real-time mri of speech. Magn Reson Med, 81:234246,
2019a.
Yongwan Lim, Shrikanth Narayanan, and Krishna S. Nayak. Calibrationless deblurring of spi-
ral rt-mri of speech production using convolutional neural networks. ISMRM 27th Scientic
Session, (Montreal, Canada):p. 673, 2019b.
Sajan Goud Lingala, Bradley P. Sutton, Marc E. Miquel, and Krishna S. Nayak. Recommen-
dations for real-time speech mri. J Magn Reson Imag, 43:2844, 2016a.
Sajan Goud Lingala, Asterios Toutios, Johannes Toger, Yongwan Lim, Yinghua Zhu, Yoon-
Chul Kim, Colin Vaz, Shrikanth Narayanan, and Krishna S Nayak. State-of-the-art mri
protocol for comprehensive assessment of vocal tract structure and function. Interspeech,
San Francisco, Sep, 2016b.
LaiChee Man, John M. Pauly, and Albert Macovski. Multifrequency interpolation for fast
off-resonance correction. Magn Reson Med, 37:785792, 1997.
Michael Mathieu, Camille Couprie, and Yann LeCun. Deep multi-scale video prediction
beyond mean square error. arXiv:1511.05440;, 2016.
Craig H. Meyer, Bob S. Hu, Dwight G. Nishimura, and Albert Macovski. Fast spiral coronary
artery imaging. Magn Reson Med, 28:202–213, 1992.
Krishna S. Nayak, ChiMing Tsai, Craig H. Meyer, and Dwight G. Nishimura. Efficient off-
resonance correction for spiral imaging. Magn Reson Med, 45:521524, 2001.
John F. Schenck. The role of magnetic susceptibility in magnetic resonance imaging: Mri
magnetic compatibility of the first and second kinds. Med Phys, 23:81550, 1996.
Bradley P. Sutton, Douglas C. Noll, and Jeffrey A. Fessler. Fast, iterative image reconstruction
for mri in the presence of field inhomogeneities. IEEE Trans Med Imaging, 22:178188, 2003.
Bradley P. Sutton, Charles A. Conway, Youkyung Bae, Ravi Seethamraju, and David P.
Kuehn. Faster dynamic imaging of speech with field inhomogeneity corrected spiral fast
low angle shot (flash) at 3 t. J Magn Reson Imag, 32:12281237, 2010.
David Y. Zeng, Jamil Shaikh, Signy Holmes, Ryan L. Brunsing, John M. Pauly, Dwight G.
Nishimura, Shreyas S. Vasanawala, and Joseph Y. Cheng. Deep residual network for off-
resonance artifact correction with application to pediatric body mra with 3d cones. Magn
Reson Med, 82:13981411, 2019.
4
